Previous work in the endocrine and neuroendocrine fields has viewed androgen receptors (AR) as a transcription factor activated by testosterone or one of its many metabolites. The bound androgen receptor acts as transcription factor and binds to specific DNA response elements in target gene promoters, causing activation or repression of transcription and subsequently protein synthesis. Over the past two decades evidence has begun to accumulate to implicate androgens, dependent or independent of the AR, in rapid actions at the cellular and organism level. Androgen's rapid time course of action; effects in the absence or inhibition of the cellular machinery necessary for transcription/translation; and/or the effects of androgens not able to translocate to the nucleus suggest a method of androgen action not initially dependent on genomic mechcanisms (i.e. non-genomic in nature). In the present paper the non-genomic effects of androgens are reviewed, along with a discussion of the possible role non-genomic androgen actions have on animal physiology and behavior.
Introduction
Sex steroid hormones, including androgens, mediate biological effects on all manner of cellular mechanisms including proliferation, differentiation, and homeostasis. Historically, the dogma of hormonal regulation of biological functions centered around gene transcription and protein synthesis [1] . This classic genomic model for steroid hormone action presumes that steroid hormones can freely cross the plasma membrane, enter the cytoplasm, and bind to and activate specific intracellular steroid receptor proteins. The bound steroid receptors act as transcription factors and bind as homodimers or heterodimers to specific DNA response elements in target gene promoters, causing activation or repression of transcription and subsequently protein synthesis ( Figure 1 ) [2; 3; 4; 5; 6] .
There is little doubt that the classical genomic model for steroid action accurately describes the molecular mechanisms for many responses to steroid hormones. However, over the past two decades numerous experiments lend support to the conclusion that some steroid responses, but not all, involve non-classical, and initially non-genomic mechanisms. Studies in a variety of in vitro and in vivo models have shown that steroid hormones can affect cellular processes in a non-genomic fashion. For instance, hormone-bound/activated nuclear receptors are able to interact with other transcription factors on target gene promoters without direct binding to DNA [7; 8] . Steroid receptors are able to activate intracellular signaling molecules, such as the mitogen-activated protein kinase (MAPK) family, ERK1/2, by transcription-independent mechanisms [9; 10; 11] . Steroids have also been shown to elicit cellular responses in a rapid fashion even when prevented from entering the cell.
Perhaps the most conserved cellular response to steroid hormones indicating a non-genomic action is the rapid rise of intracellular calcium concentration ([Ca 2+ ] i ), observed in a variety of cell types [12; 13; 14; 15; 16; 17] . These effects appear within seconds to minutes and have been described for all classes of steroids [18; 19; 20] .
While the vast majority of work examining non-genomic actions of steroid hormones has focused on rapid estrogen effects, the present review will focus on potential non-genomic actions of androgens. Similar to the non-genomic actions of other steroids, there are certain basic criteria/categories for an androgen induced response to be considered non-genomic in nature. 1) Speed: the effects should occur in a time frame (seconds to minutes) not sufficiently long enough to allow gene transcription/translation. The classical genomic model predicts that the latency between steroid exposure and observed responses can be no shorter than the time it takes for the steroid to trigger gene transcription followed by protein synthesis. Typically, gene transcription peaks several hours after steroid exposure [21] , although the latency for transcription events has been reported to be as short as 7.5min [22] . However, it then takes additional time for mRNA to be translated into proteins and for the proteins to be processed and induce measurable responses. Typically, cellular responses, which meet this requirement, are changes in free intracellular calcium, and activation of second messenger pathways. 2) Membrane mediated: the response may involve membrane embedded or associated receptors or binding proteins, and with an action that can be induced even when the steroid is conjugated to molecules that prohibit it from entering deep into the cytoplasm or from translocating to the nucleus when bound to a receptor. The most common example is the use of testosterone (T) conjugated to large molecules such as bovine serum albumin (BSA). 3) Lacking transcription/translation machinery activation: experiments using either cell lines that lack the necessary machinery for a genomic response or identify androgen effects which are insensitive to inhibitors of transcription and translation, thereby demonstrate that certain steroid responses can be elicited in systems where gene transcription or protein synthesis is unlikely or impossible.
As stated above we, and others, have chosen to term these novel, non-classical actions of hormones non-genomic. This terminology although widely used is somewhat flawed in that some of the non-genomic actions of hormones previously outlined may lead to genomic responses (i.e. second messenger activation), however this has not been exstensively studied in all cases and therefore still remains unknown. Consequently, for this discussion, the term non-genomic will be used for androgen actions that meet the above criteria, with the caveat that genomic effects could be identified as one of the many downstream end points.
The non-genomic actions of androgens will be reviewed and possible mechanisms discussed. Evidence will be presented that androgens can bind to receptors in or around the plasma membrane, activate cell-signaling pathways, and regulate responses on a time scale of seconds or minutes. The existence of these alternative regulatory pathways for steroid hormones has already begun to challenge endocrinologists and neurobiologists to shift their thinking about how steroid hormones work to regulate cell function. It is no longer valid to assume that minute-to-minute changes in steroid concentrations are not regulating biologically important, short-term responses.
Androgens can interact with intracellular calcium regulatory mechanisms
Although the data demonstrating non-genomic androgen action are limited, the most consistent non-genomic effect of androgen exposure is a rapid change in [Ca 2+ ] i [23; 24; 25; 26; 27; 28] . Because calcium modulation is a fairly rapid response, occurring within seconds to minutes, it has been presumed that the androgen must bind to some sort of receptor at the surface of the cell to achieve this result ( Figure 2) . Interestingly, not all cell types that demonstrate a rapid androgen response express the classic nuclear androgen receptor (AR) or are blocked by AR antagonists. Therefore, it is not yet known whether the receptor located at the cell surface is the classic intracellular AR coupled to other signal transduction machinery located in the membrane or a unique protein, capable of binding androgen and initiating signal transduction cascades [24; 25; 26; 28] .
For over two decades a group of researchers led by Frank Wunderlich have demonstrated [Ca 2+ ] i changes due to androgen treatment on a number of cell types including murine macrophages [29] . The macrophages used in these experiments lacked measurable expression of the intracellular AR. However, treatment with T increased intracellular calcium by binding to a unique androgen-binding unit, and involved non-voltage-gated calcium channels, an inhibitory G-protein, and activation of the phospholipase C pathway (Figure 2 ). The calcium mobilization was also inducible by plasma membrane-impermeable T-BSA. T actions were not affected by the AR antagonists, cyproterone acetate or flutamide, whereas it was completely inhibited by the phospholipase C inhibitor, U-73122, and Gprotein inhibitor, pertussis toxin. Furthermore, putative T binding sites were discovered on the surface of these macrophages [30] . These binding sites were found to internalize in caveolae and clathrin-coated vesicles after agonist stimulation [26; 27; 29] . These findings suggest the involvment of a novel membrance AR in the androgen dependent [ [31] .
A similar response is found in rat osteoblasts, where T induced both the influx of extracellular Ca 2+ via Ca 2+ channels and Ca 2+ release from internal stores through Gprotein-coupled receptors activating phospholipase C [23] . In contrast to macrophages, calcium influx in osteoblasts was sensitive to verapamil, a phenylalkylamine calcium channel blocker, indicating the involvement of voltage-gated calcium channels. Of note, the ability of T or T conjugated to BSA (T-BSA) to increase Ca 2+ in primary osteoblasts was found to be sexually dimorphic. T was only able to induce Ca 2+ influx in male primary osteoblasts but not those cells derived from females [23] . In contrast, Ca 2+ influx in female osteoblasts was affected by estradiol, in a non-genomic fashion, whereas male osteoblasts were estradiol insensitive [23] . The basis of this sexual dimorphism is not known, but it is possible that different membrane receptors for estradiol and T exist.
Androgens have also been shown to have profound effects on the cells of the cardiovascular system. Androgens can induce relaxation of the aorta and coronary arteries [32; 33; 34; 35] , but it can also facilitate vasoconstriction [36; 37] . Perfusion of T to isolated rat hearts has been shown to cause an acute increase in vascular resistance and block the effects of vasodilatory agents. These effects were presumed to be of non-genomic origin as they were exerted at the cell membrane [38; 39] . In cultured cardiac myocytes, T has been found to induce a rapid [Ca 2+ ] i increase through activation of a plasma membrane androgen receptor associated with the PTX-sensitive G protein-PLC/IP3 signaling pathway (Figure 2 ). The androgen induced rise in [Ca 2+ ] i in cardiac myocytes appears to dependent on Ca 2+ release from internal stores by a PLC/IP3-dependent mechanism [40; 41] .
The ability of T to induce a rapid influx of Ca 2+ has also been reported in primary cultures of rat Sertoli cells [24] . The [Ca 2+ ] i increases in Sertoli cells occur within 4 min of T treatment and can be inhibited by the androgen receptor antagonist, flutamide [42] . Similarly, the non-aromatizable androgen, 5α-dihydrotestosterone (DHT) has been shown to increase [Ca 2+ ] i in human prostate cancer cells (LNCaP) and in primary hippocampal neurons, a response that, in both cases, can also be blocked by flutamide [17; 25] . However, in primary hippocampal neurons it remains unknown if the androgen-induced increase is due to non-genomic actions [17] .
In the case of androgen induction of Ca 2+ mobilization, relatively little is known about the ultimate cellular effect. Ca 2+ functions as a ubiquitous second messenger molecule and modulation of intracellular Ca 2+ levels impacts a wide range of cellular processes, including cell proliferation, apoptosis, necrosis, motility, and gene expression [43] . The elevation of [Ca 2+ ] i is detected by specific Ca 2+ sensor molecules (including PKC and calmodulin) to induce signal transduction cascades and modulation of transcription [44] . Androgen induced [Ca 2+ ] i rise may itself be able to regulate AR activation since increased [Ca 2+ ] i levels stimulate the binding of androgens to AR [45] . In addition, androgens can activate calciumdependent kinase pathways, such as ERK or Src, which could phosphorylate the AR and enhance its activity [46; 47] . However, the sustained elevation of [Ca 2+ ] i following treatment with Ca 2+ ionophores or inhibitors of Ca 2+ -ATPase have also been found to reduce AR expression [48] . Therefore, the functional importance of androgen-induced nongenomic Ca 2+ signaling, in particular with regard to gene expression and cell function, is not yet fully understood.
The most intriguing conclusion which can be made from the numerous observations of nongenomic androgen-mediated [Ca 2+ ] i increases is that the mechanisms which produce the increases appear to be different in different cell types (e.g. Ca 2+ release from internal stores verses influx from extracellular space or both, may or may not be blocked by AR antagonists) [49] . It has yet to be determined if this represents the function of different androgen-binding proteins with a distinct cell type-dependent distribution or if there is one membrane androgen-binding protein that conveys its signal in a manner subject to other cell type-specific differences. Regardless, by altering [Ca 2+ ] i in unique ways the androgen exposed cell can use the same signaling molecule to specifically regulate different cellular functions [50] .
Androgen induces changes in membrane "flexibility"
Independent of receptors, channels or second messenger pathways, androgens may mediate some non-genomic actions via their structural properties. Androgen metabolites have been found to acquire additional charges from sulfate residues and in turn achieve the necessary charge to penetrate into the lipid/protein complex of the cell membrane, thereby decreasing the membrane flexibility and modulating the actions of enzymes required for ATP hydrolysis [51] . For example, Verbist et al (1991) demonstrated a direct interaction of negatively charged phospholipids with membrane ATPase calcium pumps via fluorescent resonance energy transfer [52] . These observations may have physiological consequences, because local steroid synthesis could allow permanent, calcium-independent regulation of Ca 2+ -ATPase activity in neuronal plasma membranes. In support of this hypothesis, hydrophobic steroids, including T and DHT, have been shown to interact with membrane phospholipids to influence membrane fluidity ( Figure 2 ) [53; 54] .
Likewise, molecules that interact with the lipid bilayer, such as cholesterol, have been shown to decrease the activity of both cation-activated adenosine 5 triphosphatases, such as the sodium/potassium adenosine 5 triphosphatase (Na/K-ATPase) and the calcium-dependent adenosine 5 triphosphatase (Ca 2+ -ATPase) [55; 56] . Testosterone appears to increase the activity of both Na/K-ATPase and Ca 2+ -ATPase [57] . Acute T treatment causes a dose-dependent increase in the hydrolytic ability of Ca 2+ -ATPase purified from synaptosomal membranes of rat cortex [51] .
Similarly, T has been shown to attenuate lipopolysaccharide signaling. Testosterone reduces lipopolysaccharide induced activation of the c-fos promoter and nitric oxide production, which is abolished by the intracellular Ca 2+ chelator BAPTA (1,2-bis(oaminophenoxy)ethane-N,N,N',N'-tetraacetic acid) [58] . Testosterone also attenuates the lipopolysaccharide activation of p38 but not that of ERK1/2 and JNK/SAPK, and this inhibition was also abolished in the presence of BAPTA [58] .
Testosterone has also been shown to interfere with the direct cell-to-cell exchange of ions and molecules that occurs through gap junctions in Sertoli and cardiac cells of young rats. Gap junctions are specialized membrane channels built by the interaction of two half channels, termed connexons. Testosterone treatment caused a rapid impairment of the intercellular coupling. This interruption of the cell-to-cell communication through gap junction channels was dose-dependent, and was progressively reversed after T withdrawal. Pretreatment with the AR antagonist, cyproterone acetate, failed to prevent the uncoupling action of the T. The mechanism of the identified uncoupling is unknown but could be the result of the direct interaction of T with the membrane to alter the conformation of the gap junction channels and thereby change their functional state [59] .
Androgens activate second messenger pathways
As well as calcium, Testosterone has been shown rapidly activate other second messenger pathways. Testosterone has been shown to reduce potassium influx in Xenopus oocytes overexpressing G-protein inward rectifying potassium channels, further implicating androgens in the attenuation Gβγ activity. Interestingly, reduction of AR expression by RNA interference reduced T's effects on potassium channel activity at low, but not high, T concentrations [60] .
Androgen receptors have been shown to activate second messenger pathways independent of their classical transcriptional activity. Consistent with this mode of action, AR has been found to interact with and activate the tyrosine kinase c-Src [47; 61; 62] . c-Src is normally targeted to the inner surface of the plasma membrane suggesting the necessity of a membrane or membrane associated AR. The tyrosine kinase activity of c-Src is autoinhibited by the interaction between the tyrosine kinase domain and the Src homology 2 (SH2) and Src homology 3 (SH3) domains. Disruption of these interactions by proteins binding to the SH2 or SH3 domains results in activation of the c-Src kinase. Androgen receptor bound to an androgen has been shown to interact with the SH3 domain of c-Src ( Figure 1 ) [47; 61] . The association of AR with c-Src results in stimulation of c-Src kinase activity within 1 min in the LNCaP prostate cancer cell line [47] . Additionally, AR has been shown to complex with Src and the MNAR (modulator of non-genomic action of estrogen receptor) protein [63] . In prostate cancer cells, AR/Src/MNAR association and the resulting MAPK activation has been shown to be both androgen dependent and independent [63] . One of the targets of c-Src is the adapter protein Shc, an upstream regulator of the MAPK pathway. The c-Src-mediated activation of MAPK is involved in multiple cellular processes, including migration, proliferation, and differentiation [64; 65] .
Androgen treatment also results in stimulation of two members of the MAPK signaling cascade, Raf-1 and ERK-2 within 5 min [61] . Androgen induction of c-Src/Raf/ERK signaling is stopped by inhibition of c-Src kinase activity or treatment with AR antagonists [47; 61; 62] . In AR-negative COS-1 cells, transfection of AR is necessary to induce the androgen dependent increase in activity of c-Src/Raf/ERK [47] . These results suggest that androgens are working through the known AR to activate a non-genomic second messenger pathway. Interestingly, AR can also function cooperatively with estrogen receptors (ER) to induce c-Src kinase activity as part of a complex composed of c-Src, ERs, and AR [47; 61] .
One of the non-genomic actions of AR ultimately might be to influence AR mediated transcriptional activity. The activity of AR and AR coactivators are modulated by direct phosphorylation by MAPK. AR phosphorylation by ERK-2 is associated with enhanced AR transcriptional activity and an increased ability to recruit coactivators [65] . The steroid receptor coactivator (SRC) family of transcriptional coactivators is a target of MAPK phosphorylation. Phosphorylation of SRCs results in an increased ability of these coactivators to recruit additional coregulatory complexes to the DNA-bound receptor [66] [ 67; 68] . It is possible that androgens can induce an autocrine type of feed-forward loop in which androgen-bound AR stimulates the MAPK pathway through direct interaction with cSrc kinase, resulting in phosphorylation of AR and AR coactivators and enhancement of AR transcriptional activity [69; 70; 71] .
Androgens can also activate cAMP and PKA through the sex hormone binding globulin (SHBG) receptor (Figure 1 ). Sex hormone-binding globulin (SHBG) is a liver derived glycoprotein that binds to sex hormones, specifically T, DHT and estradiol [72] . The majority of serum T and DHT (approximately 60%) is complexed with SHBG, with the remainder bound to albumin [73; 74] . A cell surface receptor for SHBG has been functionally identified in a number of tissues including the prostate, testis, breast, and liver [75; 76] [77] . The induction of cAMP by SHBG results in the activation of PKA in both prostate and breast cancer cells [78; 79] . Androgen receptor transcriptional activity is enhanced by PKA stimulation [69; 70; 80] . However, AR does not contain a consensus PKA phosphorylation site and is not directly phosphorylated by PKA [70] . The enhancement of AR transcription by PKA may be through increased activity of AR coregulators. As discussed above, phosphorylation of coregulatory proteins has been found to influence their ability to interact with the steroid receptor and affect the recruitment of other coregulatory proteins [68; 81] . Therefore, it is possible that androgen-SHBG stimulation of PKA may result in alteration of the phosphorylation of AR and AR coregulators and thus modulates AR transcriptional activity (Figure 1 ).
Treatment of LNCaP prostate cells with T-BSA has been shown to cause phosphorylation and activation of focal adhesion kinase (FAK) and increase secretion of prostate-specific antigen (PSA) within minutes. The activated FAK in turn phosphorylates and activates the phosphatidylinositol-3 (PI-3) kinase, and the subsequent activation of the latter results in the activation of the small guanosine triphosphatases Cdc42/Rac1 and alterations of the cytoskeletal protein, actin. Pretreatment of cells with the specific PI-3 kinase inhibitor, wortmannin, abolished both the activation of Cdc42/Rac1 and the alterations of actin cytoskeleton, whereas it did not affect the phosphorylation of FAK. These findings indicate that PI-3 kinase is activated downstream of FAK and upstream of Cdc42/Rac1, to subsequently regulate actin dynamics [82] . The T-BSA induced PSA secretion requires a reorganization of the actin cytoskeleton, since coincubation of cells with the actin disrupting agent blocked the PSA secretion [82; 83] .
Membrane receptors
The existence of a novel membrane-bound AR has been postulated by a number of authors based on the detection of specific androgen binding to plasma membranes in different cell types including endothelial cells [84] , breast cancer cells [85] , prostate cancer cells [83] , osteoblasts [86] , macrophages [58] , and T-lymphocytes [26; 28; 87] . The ability of androgens to rapidly modulate the activity of ion channels and [Ca 2+ ] i has been observed in several cell types. However, it has not yet been determined whether these non-genomic effects are mediated through a specific membrane androgen receptor or are acting through another signaling pathway such as SHBG or an c-Src kinase-AR complex (Figure 1, 2) . Unfortunately, the putative membrane AR has not yet been purified or cloned, preventing further definitive characterization. An example of such a receptor candidate is AR45, a splice variant of the AR lacking part of the n-terminal domain encoded by exon 1, which was discovered in heart and skeletal muscle [88] . Whether this truncated AR plays a significant role in androgen's actions in these tissues is unclear.
The identification of distinct membrane receptors for other steroid hormones suggests a novel membrane receptor for androgens may also exist. Androgen receptorimmunoreactivity (AR-IR) has been found in dendritic spines, many arising from pyramidal and granule cell dendrites. Androgen receptor-IR has also been associated with clusters of small, synaptic vesicles within preterminal axons and axon terminals [89] . Androgen receptors, like the other steroid receptor proteins, appear to have a conserved amino acid sequence for possible membrane trafficing. Mutational analysis established that a 9 amino acid motif in the ligand-binding domain of the AR mediates membrane translocation via palmitoylation. Mutations of these amino acids significantly reduced membrane localization, MAPK and PI3 kinase activation [90] .
As with the SHBG receptor, other known receptors may play a role in the non-genomic actions of androgens. Androgens have a specific binding site on neurotransmitter receptors, in particular the gamma-aminobutyric acid A (GABA A ) receptor. Binding to GABA A receptors alters neuronal activity through changes in postsynaptic inhibition [91; 92] . In particular, DHT's metabolite, 5α-androstane-3α, 17β-diol(3α-Diol), has been shown to alter recombinant rat GABA A receptor function in oocytes and it's effect on sexual receptivity has been postulated to be via promotion of GABA stimulated chloride flux ( Figure 2 ) [93; 94; 95] . Hormone treatments also result in rapid negative and positive actions on other ion channel plasma membrane receptors, including N-methyl-D-aspartate (NMDA) receptors, glycine and nicotinic receptors as well as G protein-coupled receptors [96; 97; 98; 99; 100; 101] . It is also well established that neuronal excitability mediated by ion channels is modulated by the local neuroactive steroids [102] . Thus, the rapid induction by neuroactive steroids at the plasma membrane could play an important role in the regulation of the brain function. It remains to be determined if the modulation induced by other steroids will be the same for androgens as in seen in the GABA A receptor.
Rapid effects of androgens in the regulation of GnRH release
Of course androgens are known to have rapid effects on biological systems. Androgens are intimately involved in the reproductive system, more specificly the neuroendocrine control of the gonadotropin releasing hormone (GnRH). Androgens have long been known to inhibit luteinizing hormone secretion, which is under the direct control of the hypothalamus through secretion of GnRH. While androgens are known to effect pituitary sensitivity to GnRH, there are findings, which strongly suggest a neuronal component for androgen regulation of LH secretion, the specific neural site(s) of action of androgens remains largely unknown [103; 104; 105] . For example, castration has no effect on GnRH mRNA levels at least within the first 7 weeks post-castration [106; 107] . However, some studies have shown that T increases GnRH mRNA levels when administered to castrated male rats [103; 108; 109; 110; 111; 112; 113] . In addition, T has been shown to increase GnRH protein levels in the median eminence of castrated rats [114] and monkeys [115] . However, since T can be aromatized to estrogenic metabolites, and these findings have not been replicated with the non aromatizable androgen, DHT alone, or in the absence of estrogen receptor activation, it is unknown if an estrogenic metabolite of testosterone is working to increase GnRH expression. Likewise, androgen effects on GnRH secretion may be indirectly mediated by opioids, since naloxone, a general opioid receptor antagonist, can block androgen induced negative feedback in vivo [116] . Perhaps most importantly GnRH neurons do not contain AR. Therefore androgens are widely thought to be working through a transsynaptic pathway involving interneurons to affect GnRH secretion [117; 118] .
A possible direct action of androgens on GnRH neurons comes from the results of studies demonstrating the expression and function of the classic nuclear AR in the GnRH-secreting GT1 hypothalamic cell line [119; 120; 121] . Furthermore, Shakil et al (2002) have demonstrated what appears to be the classic AR in plasma membrane fractions of GT1-7 cells. They observed androgen binding activity with a cell-impermeable T-BSA and were able to detect a 110-kDa protein, recognized by a monoclonal antibody (MA150) targeted to the intracellular AR, in the plasma membrane fraction of the GT1-7 cells by Western analysis. These studies further demonstrated that when GT1-7 cells were transfected with the chimeric AR protein tagged with green fluorescent protein, the receptor translocated to the plasma membrane, and the membrane trafficking of AR was increased in the presence of DHT.
In addition, these studies identified non-genomic actions of AR in GT1-7 neurons. While treatment with DHT alone has no effect on cAMP, DHT inhibited forskolin-stimulated accumulation of cAMP, through a pertussis toxin-sensitive G protein. The inhibition of forskolin-stimulated cAMP accumulation by DHT was blocked by the AR antagonist, hydroxyflutamide. Interestingly, GnRH mRNA levels were down regulated by DHT and T, but not by treatment with T-BSA suggesting different genomic/non-genomic actions in this cell line [122] .
Dihydrotestosterone, T, and T-BSA, all caused significant elevations in [Ca 2+ ] i in GT1-7 cells within 200 seconds of treatment similar to findings in other cell lines. Testosterone-BSA also stimulated a 2-fold increase in GnRH secretion [122] . This is not surprising, considering [Ca 2+ ] i changes have long been postulated to be a key factor controlling pulsatile GnRH secretion [123; 124; 125; 126] . Due to the presence of the AR and the apparent positive role androgens have on GnRH release in GT1-7 cells, these data question the suitability of GT1-7 cells for studying androgen's role in GnRH regulation in adulthood. An artifact of the immortalization process that produced these cells or remnants of the embryonic origin of the cell line may account for the differences. However, GT1-7 cells may still be a useful model in identifying the mechanisms by which androgens activate nongenomic pathways.
Rapid effects of androgen and androgen metabolites on behavior
Androgen treatment has been shown to cause rapid changes in animal behavior, although the exact mechanism of action remains difficult to discern. Using the female lordosis reflex as an end point, researchers have shown that androgens can rapidly modulate sexual receptivity in female rodents [127] . Dihydrotestosterone and its metabolite, 3α-Diol, have been shown to be important for the termination of sexual receptivity in rodents and this effect is observed in the absence of functional intracellular androgens receptors [127] . Similarly, altering GABA A receptor function in the hypothalamus can abolish 3α-Diol's inhibition of sexual receptivity [94; 95; 128] . These findings suggest that 3α-Diol can influences lordosis via non-classical actions. Jorge-Rivera et al. (2000) reported that 3α-Diol potentiated the peak amplitude of spontaneous IPSCs (sIPSCs) recorded from the medial preoptic area (mPOA) and the ventromedial nucleus (VMN) of female rats suggesting, alone with GABA A receptor mediation, the beginnings of a mechanism of 3α-Diol on sexual behavior [129] .
Similarly, DHT inhibits estrogen-induced sexual receptivity in several rodent species [130; 131; 132; 133; 134; 135; 136; 137] , but the precise mechanisms by which DHT inhibits reproductive processes are still unclear. It has been proposed that DHT may inhibit sexual receptivity by interfering with the binding of E to its receptor [132] or by its before mentioned metabolite, 3α-Diol. Dihydrotestosterone is readily and reversibly [138] metabolized to 3α-Diol by the enzyme 3-α-hydroxysteroid dehydrogenase (3α-HSD or Aldo-Keto Reductase 1C, a member of the AKR superfamily of proteins), in many tissues, including the brain [138; 139; 140; 141; 142; 143] ,while conversion also occurs in astrocytes [144; 145; 146] . Both 3α-Diol and DHT inhibit E-induced lordosis behavior [131; 135; 137] . However, 3α-Diol is three times more potent than DHT, and DHT is behaviorally effective only at dosages that produce circulating levels of 3α-Diol sufficient to inhibit sexual behavior [147] .
3α-androstanediol also alters the affective components of behavior in a sex-dependant manner. Infusion of 3α-Diol into the basolateral amygdala alters behavior in the conditioned place preference test and Vogel conflict test in female rats, but has no effect in males [148] . Additionally, 3α-Diol is rewarding and reinforcing when given to ovariectomized female rats via a self-administration paradigm [149; 150] .
In cats, 3α-Diol rapidly and reversibly inhibits brain electrical activity [151] . 3α-Diol has membrane actions as evidenced by the ability of 3α-Diol conjugated to BSA to alter sexual receptivity following central administration in a fashion similar to that seen following systemic 3α-Diol administration [95; 152] . Likewise, 3α-Diol may affect lordosis behavior by acting through GABA A receptors since the 5α-reduced, 3-hydroxylated structure of 3α-Diol meets the requirements for steroid modulators of GABA A receptors [153; 154] . GABA-stimulated chloride flux is increased in receptive animals compared to that of unreceptive ovariectomized controls, whereas GABAergic activity is further elevated in rats with inhibited receptivity [127] .
Rapid actions of androgens on behavior are not confined to mammalian species. In toadfish, males call to attract females to their nesting sites. Field experiments have demonstrated that when males are faced with a territorial challenge it produces rapid elevations in calling behavior and circulating levels of the teleost-specific androgen 11-ketotestosterone (11kT). Treatment with 11kT has been shown to induce elevation in calling behavior of males within 10 min. Electrophysiological experiments revealed that intramuscular injections of 11kT induces increases in the output of the vocal pattern generator in males within 5 min of treatment. Together, these experiments provide strong support for the hypothesis that surges in circulating androgen levels play a role in shaping rapid changes in social behavior through non-genomic actions on neural circuits resulting in behavioral changes [155; 156; 157; 158; 159] .
Neuroprotective verses Neuroendangering -Genomic verses Nongenomic?
In the central nervous system, androgens can reportedly have either neuroprotective or neuroendangering effects. Dihydrotestosterone has been found to regulate cellular growth, differentiation, survival, or death through both genomic and non-genomic signaling pathways [160] . Androgens, including T and DHT, can protect neurons from various insults in culture, including kainic acid toxicity [161] , β-amyloid toxicity [162; 163] and serum deprivation [164] , and have been shown to rapidly activate the cytoprotection-associated ERK/MAPK pathway [161; 163] . The receptor mediating these protective effects is thought to be AR due to the fact that AR antagonists block the neuroprotective effects [163; 164] . In contrast, supraphysiological levels of T have been found to increase neuronal apoptosis [165] . In fact, the damage-promoting effects of T have been observed in several experimental models. For example, T was shown to exacerbate the size of a lesion resulting from middle cerebral artery occlusion in male rats [166; 167] . Furthermore, T treatment increased kainic acid-induced cell death of cultured oligodendrocytes [168] . Thus, androgens can be protective or damage promoting, but the mechanism underlying this duality is still unclear. However several hypotheses have been proposed to explain these disparate effects of androgens [85; 169; 170] .
The intracellular pathways underlying androgens protective or endangering action can be traced to the fact that androgens elicit opposing actions on the ERK/MAPK and Akt signaling pathways. This contrasting action depends on whether a membrane AR or intracellular AR is activated. Gatson et al (2007) hypothesized that androgens may affect cell viability differently depending on which receptor is activated. Dihydrotestosterone has been shown to protect primary cortical astrocytes from the metabolic and oxidative insult associated with iodoacetic acid-induced toxicity, whereas DHT-BSA suppressed Akt signaling, increased caspase 3/7 activity, and enhanced iodoacetic acid-induced cell death [170; 171] . The stimulatory effects of DHT on intracellular signaling and cell survival were blocked by the AR antagonist, flutamide, whereas both DHT-BSA-induced suppression of ERK and Akt phosphorylation, and DHT-BSA-induced increase in cell death, were insensitive to flutamide [170; 171] . Similarly, in T47D breast cancer cells and LNCaP prostate cancer cells, the cell death-promoting effects of androgens were attributed to a membrane AR due to the fact that T-BSA mimicked the death-promoting effects of T [85; 169] . In the brain, it has been shown that DHT-BSA suppresses the phosphorylation of two key effectors of cell survival (MAPK and PI-3K/Akt pathways) [170] . In the presence of the anionic alkylating agent, iodoacetate, it was determined that activation of the membrane AR by DHT-BSA enhances cell death of primary cortical astrocytes [171] . Collectively, these data support the existence of two, potentially competing, pathways for androgens in a given cell or tissue [170; 171] . In the role of androgens in cell survival there appears to be through two competing pathways, one that is associated with brain protection and another that is associated with the promotion of cell death.
Summary
Whether through androgen membrane or membrane associated receptors/binding proteins, changes in membrane flexibility, changes in [Ca2+]i, activation of second messenger pathway or a combination of some or all of these mechanisms, the known non-genomic actions of androgens can be mediated via multiple pathways. The physiological effect of the majority of identified non-genomic stimulation in vivo remains largely unclear. In addition, non-genomic androgen effects can function independently, or in tandem, with the other genomic effects, to initiate steroid responses. The genomic and non-genomic pathways of androgen action are likely inter-linked and can act in concert to effect normal cell function. Androgen actions via intracellular androgen receptor mediated pathways. Testosterone (T) can be converted to dihydrotestosterone (DHT) by the 5αR enzyme. 1) In the classical pathway, androgen freely passes through the membrane bi-layer and binds cytoplasmic androgen receptor (AR). Bound AR translocates to the nucleus, binds to a DNA response element on a promoter of an androgen responsive gene and stimulates transcription. Non-genomic androgen actions via changes in intracellular ion concentrations and membrane fluidity. 1) Androgen interacts with a membrane associated androgen receptor (mAR) leading to the activation of L-type calcium channels through some type of inhibitory g-protein (GP). This increase in intracellular calcium can lead to activation of PKC, and via calmodulin (CAM) activate PKA and MAPK pathways, ultimately influencing gene transcription through phosphorylation. 2) Androgen interacts with a membrane associated androgen receptor (mAR) leading to modulation of g-protein activity and subsequent activation of phospholipase C (PLC). Resulting increases in IP3 lead to the release of intracellular calcium stores from the sarcoplasmic reticulum (SR), and consequently the activation of the RAS/MEK/ERK pathway. 3) Dihydrotestosterone (DHT) metabolite 3α-Diol may interact with the GABA A receptor and lead to increases in intracellular calcium and thus membrane potential. 4) Testosterone and its metabolites can interact with phospholipids in the membrane bilayer to change membrane flexibility and subsequently alter the function of sodium/potassium ATPase and calcium ATPase. Abbreviations: T = testosterone, DHT = dihydrotestosterone, 5αR = 5 alpha reductase enzyme, AKR1C = aldoketo reductase, 3α-Diol = 3α-androstanediol, GABA = gamma-aminobutyric acid, GP = gprotein, PKA = protein kinase A, PKC = protein kinase C, CAM = calmodulin, MAPK = mitogen-activated protein kinase, PLC = phospholipase C, IP3 = inositol 1,4,5-triphosphate, SR = sarcoplasmic reticulum, MEK = MAPK/ERK kinase, ERK = extracellular-signal regulated kinase.
